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ABSTRACT
Ejection refrigeration cycles are driven by thermal energy. This kind of energy use as the motive energy for ejection
cycles makes this cycle comparable with absorption system. In absorption system the temperature of the heat source
tg in most cases exceeds 100 C. With decreasing of the generator (motive) temperature the efficiency of absorption
system also decreases due to vanishing of the difference of strong and weak solutions concentrations. Therefore
temperature tg < 80 C can be considered as the minimum value at which the absorption system can still operate. In
contrast, for ejection systems for most of working fluids temperature of the motive fluid at the level of 100 C is not
required. Also, there is no physical limitation for operation of the ejection system at lower temperatures. Therefore
the operation of the ejection cycle below t g < 80 C can be considered as very attractive and in this range of the
motive temperatures the ejection cycles becomes truly competitive in comparison with the absorption refrigeration
systems. The paper deals with numerical analysis of operation of the ejection systems driven by low grade heat. The
aim of the paper is comparison of the operating parameters of the system for natural refrigerant isobutane with other
popular in air-conditioning systems refrigerant R134a and one of the most promising fluid from HFO group
HFO1234. Three types of HFO1234 has been investigated, such as 1234yf, 1234ze(E) and 1234ze(Z). Analysis
shows the promising feature of the HFO1234 applied in ejection system. i.e. geometric similarity of ejectors
designed for isobutane and HFO1234. This proves that HFO1234 can be substitution of isobutane due to its
flammable and explosive conditions.

1. INTRODUCTION
Selection of the working fluid for the refrigeration or solar air-conditioning system is the crucial problem because of
the strong influence of the thermodynamic fluid properties on the system efficiency. Moreover, the working fluid
should fulfil the environmental criteria such as zero ODP (Ozone Depletion Potential) and as low GWP (Greenhouse
Warming Potential) as possible. Therefore the natural fluids are thought as the best option. From presented in
literature analysis it can be concluded that isobutane is the best option as a working fluid for ejection system in
application to air-conditioning since it offers the highest COP. Other important issue in ejection cycle analysis is the
operating parameters. Thermal energy use as the motive energy for ejection cycles makes this cycle comparable with
absorption system. In absorption system the temperature of the heat source t g in most cases exceeds 100 C. With
decreasing of the generator (motive) temperature the efficiency of absorption system also decreases due to vanishing
of the difference of strong and weak solutions concentrations. Therefore temperature t g < 80 C can be considered as
the minimum value at which the absorption system can still operate. In contrast, for ejection systems for most of
working fluids temperature of the motive fluid at the level of 100 C is not required. Also, there is no physical
limitation for operation of the ejection system at lower temperatures. Therefore the operation of the ejection cycle
below tg < 80 C can be considered as very attractive and in this range of the motive temperatures the ejection cycles
becomes truly competitive in comparison with the absorption refrigeration systems (Butrymowicz et al. 2014a). For
the lowest temperature heat sources the advantage of organic working fluids over water is considered to be obvious
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due to high value of the specific volume of water steam in relation to organic fluids. This is especially important
when high compactness of the system is required. Another important issue regarding selection of the working fluid
to the refrigeration system is to consider the feasibility of different types of ejection cycles depending on the shape
of saturation curves factor and the level of saturation pressure. Most of the low-boiling working medium has a "bell"
shape of the saturation line in the coordinate system T-s, wherein the saturation curves for fluids with high
evaporation enthalpy values (e.g., water, ammonia) has almost symmetrical curves of the saturated liquid and vapor.
However, there are many low-boiling fluid, including synthetic refrigerants for which the saturation curve for
vapour is asymmetric relative to the saturation curve of the liquid.
The shape of the vapour saturated curve allows the classification of refrigerants in three basic groups:
• wet refrigerants that have a negative slope line of saturated vapour; eg. ammonia, water, R22, R142;
• isentropic refrigerants in which the saturated vapor curve is approximately vertical to the T-s graph, e.g. R114;
• dry refrigerants, with a positive slope saturation curve of the vapor, e.g.,. R113, isobutane.

2. WORKING FLUIDS IN REFRIGERATION SYSTEMS
Operation of the ejector systems operating with various working ﬂuid has been investigated by many research teams
(Butrymowicz et al. 2014, Pridasawas 2006). Various working ﬂuids used in theoretical analyses and
experimentations on the operation of the ejector (Ersoy et al. 2008, Selvaraju & Mani, 2004, Huang et al. 1998).
Results presented in literature shows that the use of isobutane (R600a) as a working fluid, especially in ejection
systems is the most reasonable choice (Butrymowicz et al. 2014, Pridasawas 2007). Isobutane is prevalent in many
practical applications, is a low-cost fluid, and the thermodynamic and transport properties are already well
recognized. The only major problem is the flammability and explosiveness of this fluid.
An important issue to be consider is the problem of safety of operation of the ejector refrigeration systems with
isobutane, which is a flammable and explosive. It should be noted that one of the key precautions in this case is
minimizing the amount of refrigerant in the system. This precaution can be considered as crucial for safety operation
of the system, but in general does not affect the essential performance of the system Also, tightness of the system
and the use of safety valves in accordance with the safety standard EN 378 should be guaranteed.
The latest act regulating the issues of the use of fluorinated synthetic refrigerants in refrigeration systems is the
Regulation of the European Parliament and the EU Council No. 517/2014 enacted on April 16th, 2014 (Regulation,
2014). This regulation practically eliminates the use of working fluids with the GWP above 150 in new refrigeration
systems. This regulation significantly limits the range of possible applications of perspective working fluids in the
AC-R and heat pumps systems.
In this aspect should be considered the use of working fluids belonging to the new group of synthetic refrigerants
R1234, which over the past few months began to be offered in a variety of applications of refrigeration systems on
the European market (Honeywell brochure). Because these liquids are not widely known yet, therefore outlined
below their fundamental thermodynamic properties against the well-known refrigerants which are
thermodynamically similar, i.e: isobutane R600a and the refrigerant R123 (withdrawn from use, because it belongs
to the group of HCFC), and also widely currently used R134a - see Fig. 1 - Fig. 3.

Figure 1. Saturation pressure vs temperature
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Figure 2. Liquid density vs temperature

Figure 3. Vapour density vs temperature
The following conclusions may be drown on the basis of the presented diagrams:

All presented fluids have the same shape of the saturation lines, especially as saturated vapor – this means that
both fluids can be treated as “dry” fluids in terms of the operation of the ejector;

saturation pressures are lower for R-1234ze(Z) an R-123 in comparison with R-600a; and R-600a has lower
saturation pressure than R-1234ze(E) and R-1234yf and R-134a

density of liquid of isobutane is the lowest while R-123 is the highest in analysed range of temperatures,
refrigerants from 1234 group has comparable liquid density to each other and to R-134a;

vapour densities for all tested fluids increase with temperature increasing, however, changes of vapour density
of analysed fluids can be divided into two groups; the highest increase is for R-1234yf and R-134a, vapour
density of refrigerants: R-123, R-1234ze(Z) and R-600a is changing in much lower range. Refrigerant
1234ze(E) is somewhere between both groups.

3. BASICS OF ANALYSIS OF EJECTION REFRIGERATION SYSTEM
The analysis of the efficiency of the ejection refrigeration system operating with considered refrigerants is presented
below. The exemplary theoretical ejection cycle in isobutane system is presented in Fig. 4.
In order to better understand the calculated efficiencies of the cycle, the calculations were made for several other
fluids which have been considered as optional working fluids in ejection systems. The following assumptions were
made in the analysis:
 superheating of the primary fluid (motive vapor): ΔTg = 4 K;
 the secondary vapor is at saturated state;
 isentropic overall efficiency of the ejector:η = 0.70;
 evaporation temperature: variable;
 condensation temperature: variable;

16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016

2667, Page 4

Figure 4. Pressure-enthalpy diagram for described system operating with isobutane (R-600a).

Assuming operating pressures: pg, pc and pe with above presented assumption the conditions of the fluid at the
motive nozzle inlet and the suction chamber inlet can be obtain. The energy balance equation for the ejector has a
form:





mg h1  me h7  mg  me h4

(1)

With nozzle efficiency ηn the velocity at the nozzle outlet ca be calculated:
w2  2   h1  h2   2  n  h1  h2 s 

(2)

Similarly, with the assumed diffuser efficiency the velocity at the ejector outlet is described by following equation:
w4  2   h4  h3   2  1

d  h4 s  h3 

(3)

Using momentum balance equation:





mg w2  me w7  mg  me w4

(4)

the entrainment ratio can be calculated assuming that the velocity at the suction chamber w7 may be neglected
U

me w2

1
mg w4

(5)

Defining velocity as the difference of enthalpy the entrainment ratio has the form :
U

h h
h1  h2
 1   n d  1 2 s  1
h4  h3
h4 s  h3

(6)

where: ηnηd = η. The classic approach based on the assumption that the isobars are parallel in pressure-enthalpy
diagram – see Fig. 5.
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Figure 5. Compression process in the ejector 3-4 in p-h diagram.
The coefficient of performance of the system can be fund from the following equation:
COP 

h  h 
Qe me   h7  h5 

U  7 5
Qg
mg  h1  h8 
 h1  h8 

(7)

4. RESULTS OF CALCULATION
The calculation results for selected working fluids are presented in following figures. Note that the selected fluids
cover both synthetic fluids (R-123, R-134a and R-1234 group) as well as natural fluids (isobutane). Also, the
selection covers both “dry fluids” (isobutane, R-123, and R-1234 group) and “wet fluids” (R-134a). Note also that
R-123 is HCFC fluid so the application of it in new systems is banned in US, EU, and many other countries. There
are no specific legislation measures concerning usage restrictions for the rest of the considered fluids, except for the
European recommendation of emission reduction of HFC fluids in EC Regulation No. 517/2014 on certain
fluorinated greenhouse gases (F-Gases).

Figure 6. COP vs. generator temperature; Te = 278 K, Tc = 301 K
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Figure 7. COP vs. evaporator temperature; Tg = 333 K, Tc = 301 K
Basing on the presented calculation results it can be concluded, that all tested refrigerants offers approx. the same
cycle efficiency in the wide range of the operation parameters and these fluids can be thought as the best options
among the other considered fluids presented in literature. Note that results of analysis of ejector cycles operating
with R-1234 are not given to date in literature. Based on result given in Fig. 1 to Fig. 3 and Fig. 6 and Fig. 7 it can
be concluded that refrigerant R-123 is the fluid, since it offers the same cycle efficiency at lower pressures and
lower vapour densities. However, refrigerant R-123 should not be recognized as the better fluid because it is ozone
depleting fluid (ODP > 0) and as a consequence is banned in usage for new applications. R-134a is also banned due
to high GWP = 1400. The best replacement of this fluid is R-1234yf, which is already use in mobile A/C systems,
but still, this is flammable fluid. It was shown by authors that isobutene may be effectively use in ejection systems.
The main advantage of isobutane is the fact that this is a natural fluid, and due to extremely low charge of the system
with fluid there is no specific danger when using it in the system, just like in the case of domestic refrigerators
which are operating with this fluid in whole Europe. However, in large capacity system the explosive feature of
isobutane might be considered as problematic. The above was the reason for looking for another low GWP fluid that
could be suitable for application in ejection refrigeration systems. Based on presented results refrigerant R1234ze(E) may be thought as a kind of alternative synthetic fluid that may also be thought as comparable with
isobutane in terms of the possible operation conditions as well as attainable capacity of the system.

4. POTENTIAL APPLICATION OF R-1234ze(E)
R-1234ze(E) or trans-1,3,3,3-tetraﬂuoroprop-1-ene (CHF=CHCF3) is a ﬂuorinated analog of propylene. The
carbon–carbon double bond makes it unstable in the atmosphere, resulting in an atmospheric lifetime of only 0.05
years and a GWP of 6 relative to CO2 on a 100-year time horizon. It is currently in limited commercial production
and is used as a foam-blowing agent in applications requiring a low GWP. It is also of interest as a refrigerant for the
replacement of R-134a (Akasaka et al., 2010, Thol & Lemmon, 2016).
Exemplary results of operation of ejection refrigeration cycle are presented below. The flow parameters, thermal
capacities and geometric factors of ejector are presented and discussed..
Cycle analysis (Smierciew et al, 2010) and prediction of geometric factors of the ejector have been made using
lumped parameter model (Huang et al, 1999) for following refrigerants::
•
isobutane (R-600a)
•
R-1234ze(Z),
The following operation condition were chosen for prediction of preliminary geometry of ejector:
•
Temperature of motive vapor at saturation condition: tg = 66 °C,
•
Superheating of the vapor pressure ΔTg = 2 K
•
Temperature of evaporation at saturation condition: te = 5 °C with ΔTe = 2 K of superheating of the vapor
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•
•

Condensation temperature tc = 30 °C
motive heat Qg = 100 kW

It was assumed that the liquid of refrigerant at the inlet to the vapor generator is equal to condensation temperature,
i.e. tg,li = 30 °C. This assumption was made on the basis of authors experience in the field of experimentation on
ejection cycles. Note that in real operating condition liquid becomes slightly heated, approx. 2 K.
The predicted geometries of the ejectors have to be preliminary verified by means of the lumped parameter model in
order to estimate whether required operation parameters may be achieved. Therefore the numerical code was
developed in MathCad system to calculate the performance of the ejector on the basis of the predicted geometry,
inlet parameters and efficiencies of the expansion inside the motive nozzle and outside of the motive nozzle,
expansion of the secondary flow, momentum transfer in the mixing chamber, and compression in the diffuser. The
shock wave was calculated on the basis of numerical solution of Rayleigh and Fanno equations.
Results of calculations of the ejector geometries factors for analyzed fluids and operating parameters are presented
in Table 1.
As it can be seen in Table the geometry of the ejector for R1234ze(E) is almost identical as for R600a, the only
difference is in nozzle diameters.
Table 1: Ratio of geometric parameters for R-1234ze(E) and isobutane
Ratio of geometric
parameters
Geometric parametr
R-1234ze(E) / R-600a
Motive nozzle throat diameter
Motive nozzle outlet diameter
Length of diverging part of the motive nozzle
Mixing chamber diameter
Length of mixing chamber
Diffuser outlet diameter

0.973
1.00
1.006
1.00
1.00
1.00
1.00

Length of diffuser

Table 2: Exemplary operating parameters for tested ejector
Parameters

Cycle with R-600a

Cycle with R-1234ze(E)

Mass entrainment ratio U

0.307

0.294

Compression ratio Π
Calculated condensation (discharge)
pressure pc [bar]
Temperature corresponding to condensation
pressure tc(pc) [oC]
COP

0.282

0.256

4.24

5.83

31.7

30.3

0.272

0.258

The calculations were performed for a system equipped with a regenerative heat exchanger with an assumed
efficiency of 0.95 (Butrymowicz et al. 2014b). As can be seen from the results shown in Table 1, ejectors has a very
similar geometry for both analysed fluid, which can be very important to substitution refrigerant R-1234ze(E) with
R-600, or vice versa, without having to change the ejector. Table 2 shows a summary of the main parameters
characterizing the ejection cycle. Similarly, they obtained very similar values which proves the possibility of any
configuration of the ejector-working fluid.
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6. CONCLUSIONS
On the basis of the results presented in Table 1 and Table 2 it is possible to conclude that:
 The application of refrigerant R-1234ze requires similar ejector dimensions in comparison of the geometry
predicted for isobutane. Therefore this refrigerant may be thought as an alternative for isobutane for safety
reasons. Since isobutane is flammable and explosive refrigerant its use in many cases it might be difficult.
Therefore, refrigerant R-1234ze might be real alternative, since iis qualified as non-explosive and nonflammable.
 The achievable condensation temperature are higher for isobutane than for refrigerant R-1234ze(E). This effect
may be thought as a strong surplus of isobutene as a working fluid.
 COP achievable for the cycle operating with isobutane is higher which is related with higher mass entrainment
ratio for isobutane than for R-1234ze(E).
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